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RESEARCH MEMORANDUM 


EFFECTS OF TWO LEADING-EDGE MODIFICATIONS ON THE 
AERODYNAMIC CHARACTERISTICS OF A THIN LOW-ASPECT-RATIO 
DELTA WING AT TRANSONIC SPEEDS 
By John P. Mugler, Jr. 


SUMMARY 


An investigation was conducted in the Langley 8-foot transonic tunnel 
to determine the aerodynamic characteristics of a thin 60 ° delta wing with 
two leading-edge modifications (conical leading-edge camher and leading- 
edge droop) in combination with bodies with and without body indentation 
in accordance with the transonic -area-rule concept. The tests covered a 
Mach number range from 0.60 to 1.15 and an angle-of -attack range from -k° 

to 20° at a Reynolds number of about 5 X 10^ based on the wing mean aero- 
dynamic chord. The wing had an aspect ratio of 2.31, a taper ratio of 0, 
and, without modifications, had NACA 65 AOO 3 airfoil sections parallel to 
the model plane of symmetry. 

Conical camber designed for a lift coefficient of 0.15 near M = 1.0 

over the leading-edge portion of the wing is more effective than 2^° of 

leading-edge droop in reducing the drag at lift. Increases in maximum 
lift-drag ratio of the order of 22 percent are obtained at subsonic speeds 
with conical camber, diminishing to about a 10-percent increase at tran- 
sonic speeds. Body indentation is effective in delaying the transonic 
drag rise to a higher Mach number. 


INTRODUCTION 


It has been realized that, theoretically, the low-aspect ratio flat 
wing of triangular plan form with full leading-edge suction approaches 
minimum induced drag (ref. l). Experimentally, however, the rather sharp 
leading edges on thin wings produce very high induced velocities which 
cause leading-edge flow separation resulting in increased drag. Previous 
wind-tunnel investigations (refs. 2 and 3) have shown that reducing the 
angle of attack of the leading-edge portion of the wing can be effective 
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in reducing the flow separation’ and in addition cause a beneficial thrust 
or suction force to be realized over the leading-edge portion of the wing. 
This paper presents the results of an investigation to ascertain the effea 
tiveness of leading-edge droop and conical camber on a thin 60 ° delta wing 
in obtaining more beneficial suction in the transonic Mach number range. 
Since aerodynamic gains are being obtained through the application of the 
transonic area rule, a study of the effects of body indentation on one of 
the modified wing models is included. 


SYMBOLS 


A 

M 


c L 


Cd 


Cm 

(■C/C )max 


C L, (L/D) 


max 


S 


aspect ratio 
free-stream Mach number 


lift coefficient, 
drag coefficient, 


Lift 

qS 

Drag 

qS 


pitching-moment coefficient, 


Pitching moment about c/k 
qSc 


maximum value of lift-drag ratio 
lift coefficient at (L/D) mav 

total wing area of wing with pointed tips 


c 


wing mean aerodynamic chord. 



c 2 dy 


q free-stream dynamic pressure 

a angle of attack of body center line 
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Tunnel 

The subject investigation was conducted in the Langley 8-foot tran- 
sonic tunnel, which is a dodecagonal slotted-throat, single-return wind 
tunnel operated at atmospheric stagnation pressures. The flow in the 
region of the test section occupied by the model was satisfactorily 
uniform at all test Mach numbers (ref. 4). 


Models 


The plane delta wing tested has 60° sweepback of the leading edge, 
a taper ratio of 0, and NACA 65 A003 airfoil sections parallel to the 
model plane of symmetry. The actual wing deviated from the theoretical 
delta plan form in that the wing tips were rounded. Rounding the tips 
reduced the wing area by a small amount (a reduction of 0.6 percent of 
total wing area) and produced negligible changes in mean aerodynamic 
chord length and location. The theoretical aspect ratio, which assumes 
pointed wing tips, is 2.31. The wing was constructed of steel and was 
tested as a midwing configuration. Dimensional details of the plane 
wing-body combination are presented in figure l(a). 


The drooped-leading-edge wing was obtained by modifying the leading- 
edge portion of the plane wing as shown in figure l(b). Effectively, this 

1 ° 

modification drooped the forward 1.2 inches of the wing about 2— in the 


streamwise direction over the entire span. Upon completion of the tests 
on the wing with the drooped leading edge, the wing leading edge was 
again modified to incorporate conical camber over the outboard 15 percent 
of each semispan. The amount of the leading-edge line vertical displace- 
ment at any spanwise station (denoted Z, fig. l(c)) was obtained from 
reference 5 for a lift coefficient of 0.15 near M = 1.0. The data of 
reference 5 were computed using the method of reference 2. Then a para- 
bolic mean camber line was fitted in the streamwise direction between 
the displaced leading edge and a line at 85 percent of the local semispan. 
Next, the thickness distribution of the plane wing was sheared vertically 
until it was distributed evenly about the parabolic mean line. Details 
of this modification are shown in figure l(c). 


The wing with plane, drooped, and conical cambered leading edges was 
tested in combination with a body of revolution designed to have minimum 
wave drag for a given length and volume ( Sears -Haack body). The rear 
portion of the bodies was cut off to accommodate a three component internal 
strain-gage balance. However, the body tested with the plane and drooped 
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leading edges, designated the original body, was cut off at body sta- 
tion 31. 7 J whereas, the body tested with the conical cambered leading- 
edge wing, designated the basic body, was cut off at body station 35.3 
(fig. 1(a)). The location of the wing with respect to the body nose 
was unchanged. The effects of lengthening the body in this manner on 
the significant aerodynamic parameters will be discussed in a later 
section. 

The indented bodies for design Mach numbers of 1.0 and 1.2 tested 
in combination with the cambered leading-edge wing were obtained in 
accordance with the area-rule concepts (refs. 6 and 7). However, the 
indentations were made to a body slightly larger than the basic body, 
designated the modified body, instead of the basic 'body. This modifica- 
tion to the basic body consisted of increasing the maximum body diameter 
from 3.212 inches to 3-296 inches. Increasing the maximum di am eter in 
this way added a small amount of volume to the body in the region of the 
wing (table II, ref. 8). The effects of this modification will also be 
discussed in a later section. Table I presents the coordinates for all 
bodies tested. Figure 2 presents photographs of two of the configura- 
tions tested. 

The model was attached to an internal strain-gage balance. The down- 
stream end of the balance was attached to an axial support tube through 
a sting. Couplings between the sting and axial support tube were varied 
to keep the model near the center of the tunnel at all angles of attack. 


Measurements and Accuracy 

A study of the factors affecting the accuracy of the results indi- 
cates that the measured coefficients are accurate within the following 
limits: 


M 

C L 

C D 

C m 

0.6o 

1.15 

0.025 

.012 

0.0015 

.0010 

0.005 

.003 


The average free-stream Mach number was determined to within ±0.003 
from a calibration with respect to the pressure in the chamber surrounding 
the slotted test section. 

The angle of attack of the model was measured with a strain-gage 
attitude transmitter mounted in the model nose. A consideration of factors 
affecting the accuracy of this measurement indicates that the model angle 
of attack is accurate to within tO.19. 
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Configurations and Test Conditions 

Seven configurations tested during this investigation and the test 
conditions are given in the following table: 


Configuration 

Description 

Angle-of -attack 
range, deg 

Mach number 
range 

Remarks 

1 

Plane delta wing in combination 
with original body 

0 to 12 

(a) 

0.8o to i.i5 


2 

Drooped leading- edge delta wing 
in combination with basic body 

0 to 12 
(a) 

0.80 to 1.15 


3 

Conical cambered leading-edge 
delta wing in combination with 
basic body 

-4 to 20 

0.60 to 1.12 


4 

Conical cambered leading- edge 
delta wing in combination 
with basic body 

-4 to 20 

0.60 to 1.12 

Transition fixed 

5 

Conical cambered leading- edge 
delta wing in combination 
with M = 1,0 indented body 

-4 to 20 

0.60 to 1.12 


6 

Conical cambered leading-edge 
delta wing in combination 
with M = 1.2 indented body 

-4 to 20 

0.60 to 1.12 


7 

Conical cambered leading-edge 
delta wing in combination 
with M = 1.2 indented body 

-4 to 20 

0.60 to 1.12 

Transition fixed 


a Except at M = I.15. 


The Reynolds number based on the wing mean aerodynamic chord was of the 
order of 3 x 10^. 

On configurations 4 and 7 where transition was fixed, the transition 
consisted of No. 120 size carborundum strips approximately 0.10 inch ■ 
wide placed at 10 percent of the wing chord (upper and lower surface) and 
around the model nose at 10 percent of the body length. 


Corrections 

No corrections have been applied to the data for boundary-interference 
effects. At subsonic speeds, the slotted test section minimized boundary- 
interference effects such as blockage and boundary- induced upwash. At 
Mach numbers between 1.03 and 1.12, boundary-reflected disturbances struck 
the model so no data were recorded in this Mach number r an ge. 
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The drag data have been adjusted to the condition of free-stream 
static pressure at the base of the body. 


RESULTS 


Force and moment characteristics for the plane and drooped leading- 
edge wing in combination with the original body are presented in figures 3 
and 4, respectively. Figures 5 to 7 present similar data for the conical 
cambered leading-edge wing in combination with the basic body with and 
without transition, the M = 1.0 indented body, and the M = 1.2 indented 
body with and without transition, respectively. The data used to show the 
effects of leading-edge modifications, body indentation, and transition 
on the aerodynamic parameters, figures 8, 9, and 10, respectively, were 
obtained from the faired curves of force and moment coefficients. 


In figures 3 and 4, too few data points were recorded at moderate 
lift to define the curves. In figures 5 to 7, considerably more data 
points were recorded in this range; however, in many instances the regions 
of discontinuity still lacked precise definition. Therefore, the fairings 
in the region are approximate. Abrupt changes of this nature in the force 
and moment curves at moderate lift are characteristic of delta-wing— body 
configurations (i.e., ref. 9)* 


The theoretical values of maximum lift-drag ratio presented in fig- 


ure 8(b) were obtained from the relation l/2 \J I^KCDq, where Cp^ is the 


drag coefficient at zero lift for the plane wing. For full leading-edge 
suction, the drag-due -to -lift factor K for subsonic speeds was taken 
as l/itA and for supersonic speeds was obtained from reference 10. For 


no leading-edge suction, K was taken as 


57-3 


da ) C L =0 


for the entire 


Mach number range. 


In order to facilitate presentation of the data, staggered scales 
have been used in many figures and care should be taken in selecting 
the zero axis for each curve. 
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DISCUSSION 


Effects of Leading-Edge Modifications 

No corrections have been applied to the data of figure 8 to account 
for the longer body tested with the cambered-leading-edge wing or to the 
data of figure 9 to account for the modification to the basic body before 
the indentations were made. Body-alone tests of the original, basic, and 
modified bodies, reported in reference 8, show the effect on drag coeffi- 
cient at zero angle of attack of these body modifications. These data 
indicate that the effects are small and will not significantly affect any 
of the trends or the validity of the comparisons made in figures 8 and 9* 

The effects of the leading-edge modifications on the drag are pre- 
sented in figure 8(a). As might be expected, the drag. at zero lift of the 
plane wing is less than that for either the drooped or cambered leading- 
edge wings. At lift coefficients of 0.2 and 0.4, both modifications are 
responsible for reductions in drag. Leading-edge droop is effective in 
reducing the drag at lift at subsonic speeds, but this benefit diminishes 
rapidly with increases in Mach number. Conical leading-edge camber, how- 
ever, is responsible for about an 18 -percent reduction in drag at subsonic 
speeds at a lift coefficient of 0.2, and maintains a reduction of the 
order of 8 percent through the transonic speed range. At a lift coeffi- 
cient of 0.4, the magnitude of the drag reduction due to conical camber 
is about 8 percent and is approximately constant throughout the Mach 
number range. 

Since the leading-edge droop is effective in reducing the drag at 
lift only at subsonic speeds, the resulting increases in maximum lift- 
drag ratios due to leading-edge droop are limited to that Mach number 
range (fig. 8(b)). Conical leading-edge camber, on the other hand, is 
effective in increasing the maximum lift-drag ratios to some degree over 
the entire Mach number range tested. At a Mach number of 0.8 a maximum 
increase in maximum lift-drag ratio of 22 percent is realized but this 
increase diminishes to about a 10-percent increase at transonic speeds. 

Hie leading-edge modifications have little effect on the lift coefficient 
at which the maximum lift-drag ratios occur (fig. 8(b)). 

In order to evaluate the effectiveness of the leading-edge modifica- 
tions tested, the theoretical full and no leading-edge suction values were 
put on figure 8(b). At a Mach number of 0.80, the conical cambered leading- 
edge wing obtains about 42 percent of full leading-edge suction. This is 
a considerable improvement over the plane or drooped leading-edge wing; 
however, other unpublished data indicate that it is possible to obtain a 
considerably greater percentage of full leading-edge suction by detailed 
changes in the camber design. 
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The effects of the leading-edge modifications on the lift-curve slope 
and static longitudinal stability parameter are generally small. (See 
fig. 8(c).) Leading-edge droop causes a slight decrease in lift-curve 
slope in the transonic Mach number range and both leading-edge modifica- 
tions are responsible for a small increase in static longitudinal sta- 
bility below a Mach number of about 1.0. At supersonic speeds, however, 
leading-edge droop was responsible for a sizable decrease in static longi- 
tudinal stability. 


Effects of Body Indentation 

Figure 9 presents the effects of body indentation on the aerodynamic 
characteristics of the cambered leading-edge configuration. The signifi- 
cant effect of body indentation is to delay the transonic drag rise to a 
higher Mach number (fig. 9(a)). This delay results in drag reductions 
of the order of 10 percent around M = 1.0. Generally, the body indented 
for M = 1.0 was slightly more effective in causing this delay than the 
body indented for M = 1.2. Since the addition of the thin wing to the 
body did not appreciably increase the drag rise over the drag rise of the 
body alone, the drag rise at zero lift was reduced only slightly by body 
indentation. The result of the delay in the transonic drag rise on the 
maximum lift-drag ratio characteristics . (fig. 9(b)) is to cause a corre- 
sponding delay in the Mach number where the maximum lift-drag ratio 
decreases to the supersonic value. Body indentation has very little 
effect on the lift coefficient at which the maximum lift-drag ratios 
occur. 


Effect of Transition 

The effects of fixing transition on the cambered leading-edge con- 
figurations are shown in figure 10. Generally, fixing transition 
increased the drag level slightly through the range of variables tested. 

Calculations based on the test Reynolds number of 3 X 10^, assuming the 
skin friction of the model equal to the skin friction of a flat plate 
of the same wetted area, indicate that the flow was fully turbulent with- 
out transition. These calculated and experimental results are consistent 
since the addition of transition to an already turbulent flow is likely 
to cause a slight increase in drag. 


SUMMARY OF RESULTS 


An investigation of the effects of two leading-edge modifications 
on the aerodynamic characteristics of a thin 60 ° delta wing in combina- 
tion with basic and indented bodies has been conducted in the 8-foot 
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transonic tunnel. The data have been analyzed and indicate the following 
results: 

1. Conical leading-edge camber designed for a lift coefficient of 
0.15 near M = 1.0 is more effective in reducing the drag at lift and 

increasing the maximum lift-drag ratio than 2^° of leading-edge droop. 

Considerable benefits from conical camber are realized throughout the 
Mach number range. The benefits from leading-edge droop are smaller 
and are realized only at subsonic speeds. 

2. Body indentation is effective in delaying the transonic drag rise 
to a higher Mach number, which affords a drag reduction around a Mach 
number of 1.0. 


Langley Aeronautical Laboratory, 

National Advisory Committee for Aeronautics, 
Langley Field, Va., June 29, 1956. 
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TABLE I 


BODY COORDINATES 


Station, 
in. from nose 


Radius 

in., for - 


Original body (used 
in combination with 
plane and drooped - 
leading- edge wing) 

Basic body (used 
in combination 
with cambered- 
leading-edge wing) 

Indented bodies (used in 
combination with the cambered- 
leading-edge wing) 

M = 1.0 

M * 1.2 

0 

0 

0 

0 

0 . 

1 

.282 

.282 

.282 

.282 

2 

.1(60 

.ij60 

*ij60 

.1*60 

3 

.61? 

.612 

.612 

.612 

L 

-71*3 

.71*3 

.71*3 

.71*3 

5 

.862 

.862 

.862 

.862 

6 

.969 

.969 

.969 

.969 

7 

1.062 

1.062 

1.062 

1.062 

8 

1.150 

1 1.150 

1.150 

1.150 

9 

1.222 

1.222 

1.222 

1.222 

10 

1.290 

1.290 

1.290 

1.290 

11 

1.350 

1.350 

1.350 

1.350 

12 

1.1(01* 

l.hol* 


1.1*01* 

13 

1.1*52 

1.1(52 

i.U5ii 

.1.1*51 

Ik 

1.1(93 

1.1*93 

1.1(99 

1.1*99 

19 

1.526 

1.526 

1.51*0 

1.535 

16 , 

1.552 

1.552 

1.560 

1.551 

17 

1.575 

1.575 

1.560 

1.553 

18 

1.590 

1.590 

1.553 

1.51*1 

19 

1.602 

1.602 

1.536 

1.523 

20 

1.606 

1.606 

1.505 

1.502 

21 

1.602 

1.602 

1 . 1*61* 

1.1*66 

22 

1.591* 

1.591* 

1.1*25 

1. 1*1*1* 

23 

1.578 

1.578 

1.391 

1.1*33 

2k 

1.560 

1.560 

1.378 

1.1*31 

25 

1.532 

1.532 

1.381 

1.1*31 

26 

1.501 

l.5oi 

1.1*13 

1.1*23 

27 

1.1*60 

1.1*60 

1. 1*1*3 

1.1*05 

28 

l.lill* 

1.1* ll* 

1.1*11* 

1.381 

29 

1.360 

1.360 

1.360 

1.339 

30 

1.300 

1.300 

1.300 

1.287 

31 

1.231 

I.231 

1.231 

1.227 

31.7 

1.182 

1.182 

1.182 

1.182 

32 


1.158 

1.158 

1.158 

33 


1.076 

1.076 

1.076 

3li 


0.981* 

0.981* 

0.981* 

39 


0.878 

0.878 

0.878 

39.3 


0. 81*1( 

! 

0.81*1* 

0.81*1* 
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(a) Conical cambered leading-edge wing with basic body. 
Figure 2.- Photographs of model. 
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Figure 3.- Aerodynamic characteristics of the plane wing-body 
combination. Original body. 
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(b) Pitching -moment coefficient. 
Figure 3.- Continued. 
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Figure 3.- Concluded. 
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Figure 4.- Aerodynamic characteristics of the wing-body combination 
with drooped leading edges. Original body. 
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(b) Pitching-moment coefficient. 
Figure 4.- Continued. 
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Figure 4 .- Concluded. 
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Figure 5* - Aerodynamic characteristics of the wing-body combination with 
conical cambered leading edges, Basic body. Curves faired through 
plain symbols represent transition-free data; flagged symbols represent 
transition-fixed data. 




Pitching- moment coefficient, C 
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(b) Pitching -moment coefficient. 
Figure 5.- Continued. 
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Figure 6 .- Aerodynamic characteristics of the wing-body combination with 
conical cambered leading edges. Body indented for M = 1.0. 
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(b) Pitching-moment coefficient. 
Figure 6.- Continued. 
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Figure 6.- Concluded 
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Figure J.- Concluded. 
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(a) Drag characteristics at several lift coefficients. 

Figure 8.- Effects of leading-edge modifications on the aerodynamic 

parameters. 
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(b) Maximum lift-drag ratio characteristics 
Figure 8.- Continued. 
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(c) Lift-curve slopes and static longitudinal stability parameter. 

Figure 8.- Concluded. 
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(a) Drag characteristics at several lift coefficients. 

Figure 9.- Effects of body indentation on the aerodynamic parameters of 
the wing-body combination with conical cambered leading edges. 
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(b) Maximum lift-drag ratio characteristics. 
Figure 9 .- Concluded. 
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(a) Basic body. 

Figure 10.- Effects of transition on the drag characteristics of the 
wing-body combination with conical cambered leading edges. 
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Mach number, M 


(b) Body indented for M =1,2. 
Figure 10.- Concluded. 
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